In this paper, we present the development of an advanced MMIC receiver for a 94-GHz band passive millimeter-wave (PMMW) imager. Our configuration is based on a Dicke receiver in order to reduce fluctuations in the detected voltage. By introducing an electronic switch in the MMIC, we achieved a high resolution millimeter-wave image in a shorter image collection time compared to that with a conventional mechanical chopper. We also developed an imaging array using MMIC receivers. key words:
Introduction
All objects radiate electromagnetic waves from microwave to infrared regions. The amplitude of the radiation depends on the object's emissivity and temperature. Passive millimeter-wave (PMMW) imagers detect the relative intensity of millimeter-wave radiation and visualize it. As PMMW imagers are able to detect objects which are not detectable using visible light or infrared cameras, PMMW imagers are now being used in fields such as security, remote sensing, and disaster prevention [1] , [2] . The 94-GHz band is especially well suited for millimeter-wave imaging, because atmospheric absorption around this frequency is relatively low, and a high spatial resolution is possible due to it's short wavelength. PMMW imaging systems using this band have already been developed [2] - [5] for concealed weapons detection (CWD) and for flight systems. So far, we have developed prototype PMMW imagers by developing ultra lownoise and high-gain MMICs [6] and a compact planar antenna [7] . And we have acquired 94-GHz band millimeterwave images.
For this system, we employed a Dicke receiver [8] in order to decrease fluctuations in the detected voltage. These fluctuations are derived from temperature, gain variation in the LNA, or DC drift (1/f noise) in the detector. Dicke receiver consists of an RF switch, a low noise amplifier (LNA), a detector, and a lock-in-amplifier. The RF switch alternately switches between the millimeter-wave signal from the scene and reference noise. By subtracting these in a lock-in-amplifier, fluctuations in the detected voltage can be decreased.
For the RF switch, we used a mechanical chopper with electric-wave absorbers attached. The input millimeterwaves were switched by rotating the chopper. Although the mechanical chopper is simple and has low loss, it is large in size. If we need a large array of receivers in order to reduce the image collection time, a larger chopper is needed, and this becomes unrealistic. In addition, the rotary speed of the chopper varies slightly due to eccentricity or imbalances in the weight of the chopper. This causes loss of synchronization and variation in the voltage detected in the lock-inamplifier. For this reason, a long integration time is needed for a mechanical chopper. In addition, the upper limit of the switching speed is below around 200 Hz. These defects are impractical for real-time imaging.
To solve these problems, we developed an electronic switch. Although a switch using PIN diodes is commercially available, it requires additional space and cost. Thus we developed a single-pole-double-throw (SPDT) switch that could be integrated on an MMIC consisting of an LNA and a detector. We used the distributed type SPDT switch to give low insertion loss and high isolation as well as a high switching speed. Here, we discuss the design techniques to achieve a high switching speed. Using the design techniques, our developed SPDT switch has an insertion loss of 2 dB, isolation of better than 40 dB, and a switching speed of more than 500 kHz. We also developed a high-gain lownoise amplifier using 0.1-μm gate InP HEMT technology. The measured gain and noise figure were 35 dB and 3 dB, respectively. Furthermore, we combined the switch, LNA and detector and integrated them into the MMIC receiver. We then used this MMIC receiver to develop a prototype PMMW imager. The detected voltage from the new imager has a much lower variation than the conventional imager which uses a mechanical chopper. Figure 1 shows the block diagram of our MMIC receiver. It consists of a SPDT switch, LNA, and detector. The input of the LNA is switched between the antenna and the reference load with a repetition frequency of f M . In a half period, the LNA receives an input signal from the RX antenna. In the other half period, the LNA receives reference noise. Since the fluctuations in the detected voltage vary slowly compared with f M , the fluctuations can be removed by using a lock-in-amplifier. Figure 2 shows a schematic diagram of the distributed SPDT switch [9] - [11] , which is composed of two single-polesingle-throw (SPST) switches and two quarter-wavelength impedance transformers. The drain terminals of the transistors were connected to the transmission lines periodically. One port of the SPST switch was terminated in 50 Ω as a reference load. In addition, we added an RF choke and a current source to adjust the noise power from the reference load to be equal to the antenna noise.
MMIC Receiver
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SPDT Switch
The gates of the transistors in each SPST switch were biased below the pinch-off voltage; for example −1 V, or alternately, in the linear region such as at 0.5 V. When the bias applied is below the pinch-off voltage, the transistors act as capacitors. We chose the length and width of the transmission lines to give a characteristic impedance Z 0 for the artificial transmission line of 50 Ω (ON-state). On the other hands, when the bias applied is a positive voltage such as 0.5 V, the transistors act as small resistances. Since the transistors are shunted between the transmission lines, the SPST circuit works as a short circuit (OFF-state).
Series resistances, R, connected to the gate terminals, affects the insertion loss of the ON-state SPST switch, because the drain-gate capacitance value C dg is almost the same as the drain-source capacitance value C ds . Small R degrade the insertion loss in the ON-state SPST switch. The propagation constant γ is expressed as follows:
where, L T L and C T L are the transmission line inductance and capacitance, respectively. In order to achieve a low loss in the ON-state SPDT switch, a large resistance R is needed. However, a large series resistance degrades the switching speed between the ON and OFF states, because the series resistance and input capacitance of the transistor form an RC time-constant. Moreover, PMMW imagers have to measure the equivalent millimeter-wave power in a short integration time.
The solid line in Fig. 3 shows the calculated insertion loss in the SPST switch in the ON-state at a frequency of 94 GHz as a function of R. The dashed line in Fig. 3 represents the RC-time constant. For this, we used 0.15 × 40 μm HEMTs whose C gd and C ds were both 13 fF. The length of each transmission lines was 130 μm. From the figure, we chose the value of R as 5 kΩ, because it shows a small-time constant and small insertion loss.
We designed and fabricated an SPDT switch using the InP HEMT process. Figure 4 shows the microphotograph of the SPDT switch. Figure 5 shows the insertion loss and isolation of the developed SPDT switch. The gate bias condition was −1 V for the ON-branch, and 0.5 V for the OFFbranch. The measured insertion loss was within −2 dB between 60 and 110 GHz and isolation was better than −40 dB.
We also show the modulated waveform generated by switching with V c1 and V4 c2 . The input signal was a 60-GHz continuous wave (CW) source whose power level was −20 dBm. 500-kHz square pulses were applied to the gate terminals, V c1 and V c2 . Figure 6 shows the detected waveform and the control waveform for the switch. The modulated waveform indicates that our switch can modulate the RF signal at more than 500 kHz. Therefore, we connected the SPDT switch to the front end of the receiver. 
Low Noise Amplifier
Next we will describe the performance of the LNA. The LNA has the role of amplifying the input millimeter-wave signal to a sufficient level to be detected by the following detector without deteriorating the signal-to-noise ratio, and for this, both low-noise and high-gain performance are needed. The LNA we developed with a gain of 33 dB and a noise figure of 3.2 dB is described in [6] . The LNA which we designed and fabricated for this project used a high-speed and low-noise InP HEMT [12] . Figure 7 shows a die photo of the 94-GHz band LNA. The LNA consists of three-stage cascode amplifiers. For each amplifier stage, we used 0.1 × 40 μm HEMTs with a cutoff frequency of 280 GHz and a minimum noise figure of 1 dB at 94 GHz.
We applied a drain voltage of V d = 1.6 V, a gate voltage of V g1 = 0 V, and a second gate voltage of V g2 = 0.8 V. Thin film microstrip line (TFMSL) technology was applied to suppress the excitation of parasitic substrate modes. The overall chip size of the 94-GHz band LNA is 2.5 × 1.2 mm 2 .
The measured small-signal gain and noise figure are shown in Fig. 8 . Our LNA achieved a linear gain of more than 30 dB between 75 and 110 GHz. The gain at a frequency of 85 GHz was 40 dB, and the average noise figure was 3.0 dB. Figure 9 shows a comparison with the published Wband LNAs. We plotted the noise figure as a function of the gain for the published results [13] - [19] and for our own LNA. The area with high-gain and low-noise on the lower right in Fig. 9 is suitable for imagers. The graph shows that our LNA is a state-of-the-art high-gain and low-noise amplifier. We then used the LNA to develop an MMIC receiver.
MMIC Receiver
We integrated the switch, LNA, and detector onto a single chip. The switch and LNA have been described in the previous sections. The detector was made of a zero-biased Schottky diode constructed on a HEMT device. The gate length and width were 4 μm and 5 μm, respectively. Figure 10 shows a die photo of the fabricated MMIC receiver. The chip size is the same as for the LNA (2.5 × 1.2 mm 2 ). Inverted microstrip line (IMSL) technology was used for the SPDT switch to isolate it from the LNA. The total power consumption was 64 mW.
We will now describe the measured performance of the MMIC receiver. We measured the sensitivity of the MMIC receiver by calculating the ratio of the detected output voltage for input millimeter-wave power. For this measurement, we used a 94-GHz CW source as the input. The bias voltages for the SPDT switch, V c1 and V c2 are −1 and 0.5 V, respectively while the MMIC receiver was measuring the millimeter-wave signal (measuring mode). When the receiver was measuring the reference load (reference mode), V c1 and V c2 were set to 0.5 and −1 V, respectively. Figure 11 shows the detected voltage as a function of the input RF power level. Since the isolation of the SPDT switch was below −40 dB, the difference in the detected voltage between the measuring and reference modes was detectable. The calculated sensitivity of the MMIC receiver was 2,440 kV/W.
PMMW Imaging
We fabricated a PMMW imaging test system using our MMIC receiver. Figure 12(a) shows the block diagram of the PMMW imaging system using the MMIC receiver with the SPDT switch. It consists of a 20-cm diameter lens, an antipodal linearly tapered slot antenna [7] formed on a polyimide substrate, MMIC receiver, DC amplifier, and a lockin amplifier. The antenna, receiver and DC amplifier were set on an elevated stage and scanned on the focal plane of the lens. The MMIC was mounted on the antenna using a flip chip bonding (FCB) assembly. A switch driver controls polarity of the switch in the MMIC and lock-in amplifier simultaneously. Figure 12(b) represents a conventional imaging system that uses a mechanical chopper for comparison.
We measured the time dependence of the detected voltage V d from the lock-in amplifier using electronic and mechanical switches as shown in Figs. 13(a) and (b) . The detected voltage fluctuations using the mechanical chopper shown in Fig. 13(b) are as large as 5 V pp , which degrades the minimum detectable temperature difference (ΔT ). This large variation was caused by variations in the rotational speed due to eccentricity or imbalances in the weight of the chopper. The detected frequency also has variations as shown in Fig. 13(b) . In addition, the chopper also vibrates, which generates noise. On the other hands, the fluctuations in the voltage detected using the electrical switch are within 0.25 V pp as shown in Fig 13(a) . Thus, a small ΔT is possible using the PMMW imager with electronic switch.
We acquired millimeter-wave images of a person with a concealed metal object (simulating a gun) using an imager with an electronic switch in Fig. 14(a) and a mechanical chopper in Fig. 14(b) . The distance between the target and the receiver was 2.5 m, the image size was 40 × Fig. 11(a) . (b) Captured by the imager shown in Fig. 11 (b) . Table 1 Noise temperature of the system components. 40 pixels, and the spot size on the target was 2 cm. The blue areas represent colder radiometric temperatures for the sample metal object and the ambient temperature, and the red areas represent warmer temperatures. As you can see, the millimeter-wave image captured by the imager with the electronic switch shown in Fig. 14(a) has a much higher resolution than one captured by the imager with the mechanical chopper shown in Fig. 14(b) .
The image collection times for the millimeter-wave images shown in Figs. 14(a) and (b) were 400 sec and 25 minutes, respectively. A PMMW imager with an MMIC receiver is able to achieve high-resolution millimeter-wave images in a much shorter image collection time. We also constructed a receiver array using 32 receivers, which reduced the image collection time within 10 sec.
Here is a summary of the system noise in our receiver. All the noise derived from the lens, the antenna including the coupling efficiency with the lens, the transition between the antenna and the MMIC, and the insertion loss in the switch increase the system noise. The noise temperature in each component is summarized in Table 1 . From this table, the system NF was calculated as 8.7 dB.
Conclusions
We developed an MMIC receiver for a PMMW imaging system. To obtain high-resolution millimeter-wave images in a short image collection time, we developed an MMIC receiver with an electronic SPDT switch. The insertion loss and isolation of the switch were 2 dB and −40 dB, respectively, and the switching speed was more than 500 kHz. We also developed a high-gain low-noise amplifier using a 0.1 μm InP HEMT. The gain and noise figure measured at a frequency of 94 GHz were 35 dB and 3 dB, respectively. By integrating the SPDT switch with the LNA and detector, we developed a single-chip MMIC receiver.
Our configuration produced higher resolution millimeter-wave images in a much shorter integration time compared with the conventional configuration with the mechanical chopper.
